Semen quality and male fertility are declining worldwide. As it was observed that physiologic and pathologic processes of spermatogenesis can be influenced by diet, the relation between dietary habits and semen parameters has been the focus of much interest. To review the human observational studies on this issue, we performed a systematic literature search, up to November 2016 (MEDLINE and EMBASE). We included all observational full-text papers reporting the relation between dietary habits and semen parameters. Article selection was carried out in accordance with Preferred Reporting Items for Systematic Reviews and Meta-Analyses. Twenty-three observational studies were included. Overall, 8477 healthy men and 1204 men presenting at Fertility Clinics were included in the selected studies. Even if some inconsistencies are present, possibly due to the different effect of nutrients in fertile and infertile men, results support the hypothesis that diets including fruit and vegetables, for their contents in vitamins, and fish or low-fat dairy products as the main source of proteins, are associated with better semen quality. Recommendations may be confidently provided because of the many beneficial effects of a healthy diet, although further studies are needed to clarify the currently inconsistent findings and to shed light on the underlying mechanisms.
INTRODUCTION
Approximately 13% of the general reproductive age population are challenged with fertility problems, and male factors seem to contribute for up to 30% of them (Nyboe Andersen et al., 2008) .
Human semen quality, a predictor of male fertility, is declining worldwide (Carlsen et al., 1992; Swan & Elkin, 1999; Skakkebaek et al., 2016) . A comprehensive, evidence-based meta-analysis has recently shown that there has been an overall 32.5% decline in sperm concentration in European men over the past 50 years (Sengupta et al., 2017) .
In the majority of cases, the infertility is idiopathic, with no clear explanation for impaired spermatogenesis. In fact, if infertility is due to acute events, they are likely to be readily identified during the male fertility evaluation. On the contrary, chronic, low-dose environmental exposures may be harder to identify and make up for (Gabrielsen & Tanrikut, 2016) . Although the evidence linking environmental factors and impaired male fertility is weak, there are still some evidences suggesting that semen quality may be influenced by environmental factors and lifestyle; residues of pharmaceutical compounds in drinking water, phthalates found in personal care products, occupational exposure to persistent organochlorine pollutants, and glycol ethers have been suggested to impair spermatogenesis.
Other factors potentially associated with sperm quality are lifestyle habits such as smoking, alcohol drinking, and illicit drug use. These findings might have implications on men's fertility status and emphasize the need for further studies addressing lifestyle and other factors to find the proper correlation with the causative agents.
Overweight and obesity have been shown to be associated with an increased prevalence of azoospermia or oligozoospermia in the general population (Sermondade et al., 2013) , and on the same line, a significant improvement was seen in testosterone levels and sperm counts with exercise-induced weight loss (H akonsen et al., 2011) . Obesity definitively represents a modifiable risk factor for male infertility.
Besides overweight per se, a poor quality diet, which in turn represents a determinant of overweight, has been suggested as involved in male subfertility. For example, Afeiche et al. (2013) observed that full-fat dairy food intake was associated with lower normal morphology and progressive motility in young healthy men; Vujkovic et al. (2009) found that, in men from a Fertility Clinic, a health-conscious diet, including fruits, vegetables, fish, and whole grains, was inversely associated with DNA Fragmentation Index, and fruit as an individual food had a positive relation with sperm motility. However, evidence is not entirely consistent, and different findings were observed among studies and in relation to the various populations considered. A notable disparity was observed in study design, trial quality, and final results (Giahi et al., 2016) , preventing any quantitative metaanalysis of the reported results.
Based on these premises, we aimed at reviewing the association of different foods/diet patterns and semen characteristics, both in healthy males and in men referring to Fertility Clinics.
METHODS
We searched the MEDLINE and EMBASE (up to November 2016), using the terms 'food' or 'diet' or 'nutrition' or 'meat' or 'fish' or 'sugar' or 'vegetables' or 'fruits' or 'dairy' combined with 'semen quality' or 'sperm quality' or 'semen parameters' or 'sperm parameters' or 'sperm volume' or 'sperm concentration' or 'sperm motility' and combined with 'questionnaire' (Limit: Human, English), both in Medical Subject Heading (MeSH) and free text. We also excluded reviews and clinical trials.
Furthermore, we have reviewed reference lists of retrieved articles to search for other pertinent studies.
Two authors reviewed the papers and independently selected the articles eligible for the systematic review. Studies were selected for the review if they met all of the following criteria: observational studies reporting original data; parameters of semen quality provided as means and standard deviation (SD) or standard error (SE) or as medians and interquartile range (IQR) or case-control study with cases defined on the basis of specified semen parameters; full-length articles, published in English.
Data extraction
A PICOS (Patient, Intervention, Comparator, Outcome, Study) design structure was used to develop the study questions and the inclusion/exclusion criteria (Table 1) . For each study, the following information was extracted: first author's last name; year of publication; country of origin; number of subjects; design of the study; food or nutrients or dietary pattern. Information regarding the potential role of the considered nutrients has been presented as in the original papers. A pooled estimation was not considered as clinical (study populations), methodological (frequency categorization of exposure), and statistical (adjustment for confounding factors) heterogeneity is present across studies. Therefore, to avoid misleading conclusions, we decided to present the results of this systematic review using a qualitative approach.
Quality of selected studies
The quality of the studies was assessed using the NewcastleOttawa scale for case-control studies (http://www.ohri.ca/pro grams/clinical_epidemiology/oxford.asp, accessed on April 28, 2017) and an adapted version for cross-sectional ones (see supplemental materials). Figure 1 shows the flow diagram of the literature search results. The database search identified 40 articles in MEDLINE and 46 in EMBASE; after excluding overlapping results, we found 49 candidates for our review. Twenty-three were excluded because they were as follows: on women (2), interventional (7), did not focus on diet (2) or semen quality (5), or investigated other lifestyle factors such as tobacco and alcohol use, physical activity and pollutants (4), or analyzed HPV in semen (1), diet and testicular cancer (1), and sperm donors characteristics (1). Twenty-six articles were retrieved for detailed assessment. After searching for further articles in the reference lists, five other papers were found. We excluded six articles because they analyzed exclusively caffeine consumption, one because the analysis was on cooking methods, and one because it compared vegetarians and non-vegetarians without quantifying food group intakes. A total of 23 studies have been identified on the association between dietary components and semen parameters (Eskenazi et al., 2005; Chavarro et al., 2008 Chavarro et al., , 2014 Mendiola et al., 2009 Mendiola et al., , 2010 Vujkovic et al., 2009; Attaman et al., 2012; Braga et al., 2012; Eslamian et al., 2012 Eslamian et al., , 2016 Gaskins et al., 2012; Afeiche et al., 2013 Afeiche et al., , 2014a Jensen et al., 2013; Zareba et al., 2013; Chiu et al., 2014 Chiu et al., , 2015 Cutillas-Tol ın et al., 2015; Liu et al., 2015; M ınguez-Alarc on et al., 2015; Jurewicz et al., 2016) . These 23 publications were based on 11 studies, conducted in samples of healthy men (5) or of patients attending Fertility Clinics (6). Their main methodological characteristics are presented in Table 2 .
RESULTS
Information on food intake was collected using Food Frequency Questionnaires (FFQ) in all studies. The number of items widely varied from 19 items (Liu et al., 2015) to 195 items (Vujkovic et al., 2009) . All the questionnaires were validated but one (Liu et al., 2015) .
Several papers reported analyses performed in the same sample on different food groups. Overall, information on 9345 men was published. Most were unselected for fertility (8477, but 7282 from just one study, and 1195 in the remaining four), whereas 1204 were enrolled in Fertility Clinics.
Cross-sectional studies on healthy men
Healthy men were enrolled in the Age and Genetic Effects in Sperm (AGES) Study (Eskenazi et al., 2005) . The study population consisted of 96 healthy male volunteers, aged 20-80, employed by or retired from the Lawrence Livermore National Laboratory (LLNL) in Livermore, California. Analysis of covariance was used to examine the relation between quartiles of micronutrient intakes, based on a 100-item validated FFQ and the square roots of semen parameters (sperm concentration, total sperm count, progressive sperm motility, and total progressively motile spermatozoa). In Denmark (Jensen et al., 2013) , 701 young men (median age 19.1 years) were recruited during medical examination for military service from 2008 to 2010. They delivered a semen sample, underwent a physical examination, and answered a questionnaire comprising a 136-item validated FFQ. Multiple linear regression analyses were performed with semen variables (semen volume, motile spermatozoa, morphologically normal forms, natural logarithm of semen concentration, and total sperm count) as outcomes and dietary fat intakes as exposure variables, adjusted for confounders.
The Rochester Young Men's Study was conducted between 2009 and 2010 at the University of Rochester (Gaskins et al., 2012; Afeiche et al., 2013 Afeiche et al., , 2014b Zareba et al., 2013; Chiu et al., 2014) , including men aged 18-22 years. Diet was assessed via a 131-item validated FFQ. Linear regression was used to analyze the relation between food intake and conventional semen quality parameters (total sperm count, sperm concentration, progressive motility, morphology, and ejaculate volume), adjusting for different variables according to the considered food group.
A group of 209 healthy young university students, aged 18-23 years, provided a semen sample and completed a 101-item validated FFQ in Spain between 2010 and 2011. The association between intake of fatty acids , dietary patterns (Cutillas-Tol ın et al., 2015), or micronutrients (M ınguez-Alarc on et al., 2015) with semen quality parameters (sperm concentration, motility, morphology, and total count) was assessed using multivariate linear regression. In this sample, two dietary patterns were identified: a Mediterranean (characterized by high intakes of vegetables, fruits, and seafood) and a Western pattern (characterized by high intakes of processed meats, French fries, and snacks).
In Tai-Wan, 7282 men, aged on average 31 years, participated in a standard medical screening program (Liu et al., 2015) from 2008 to 2013. A 19-item dietary questionnaire was used to categorize the participants into five groups: 'Healthy diet', 'Western diet', 'High-carbohydrate diet', 'High sweet snacks and sugarsweetened drinks', and 'High-sodium diet'. Semen parameters (sperm concentration, total sperm motility, progressive motility, and normal sperm morphology) were related to quartiles of each diet using the analysis of variance.
Cross-sectional studies on men from fertility centers Two hundred fifty male patients undergoing ICSI cycles, enrolled in a private fertility center in San Paulo, Brazil, were asked about dietary and social habits, using a validated 56-item FFQ (categories ranging from no consumption to repeated daily consumption). Evaluation of semen parameters (concentration, motility, and morphology) was performed by linear logistic regression analysis, and results were provided as regression coefficients (RC) (Braga et al., 2012) . 106 Andrology, 2018, 6, 104-116 In 161 men of subfertile couples undergoing in vitro fertilization treatment in a tertiary referral clinic in Rotterdam, the Netherlands, between 2004 and 2007 , Vujkovic et al. (2009 assessed nutrient intakes and performed principal component factor analysis to identify different dietary patterns: Health conscious, including high intakes of fruits, vegetables, fish, and whole grains, and Traditional Dutch showing high intakes of meat, potatoes, and whole grains and low intakes of nonalcoholic beverages and sweets. Individual food groups were also analyzed in a linear regression model to predict semen parameters (DNA fragmentation index (DFI), semen volume, sperm concentration, motility, and morphology) and to investigate which food groups most contributed to the observed associations with semen parameters.
In the Massachusetts General Hospital Fertility Center, 99 men from subfertile couples were enrolled in the 2000-2006 period (Chavarro et al., 2008) . Their usual soy food intake was investigated using a non-validated 15-item questionnaire.
In the Massachusetts General Hospital Fertility Center, 189 men from subfertile couples were enrolled in the 2007-2012 period, and their eating habits investigated using a validated 131-item FFQ. In this sample, the associations between semen parameters (sperm concentration, progressive sperm motility, sperm morphology, ejaculate volume, total sperm count, and total normal sperm count) and dairy products (Afeiche et al., 2014a) , meat and fish (Afeiche et al., 2014c) , and fruit and vegetables were examined using semen parameters as continuous variables and quartiles of intake. In the same institution, another study with the same design investigated the relation between semen parameters and fat intake (Attaman et al., 2012) and was conducted in the 2006-2010 period. It is possible that the men considered in this analysis were at least in part the same ones included in the previously reported research by Afeiche et al. (2014a,c) and Chiu et al. (2015) , but the authors did not specify.
Three hundred forty-four men attending a Fertility Clinic in Poland for diagnostic purposes were enrolled if they had normal semen concentration or slight oligozoospermia (Jurewicz et al., 2016) . Men who completed a validated 131-item Food Frequency Questionnaire were attributed to two dietary patterns: Prudent, including high intakes of fish, chicken, fruit, cruciferous and green leafy vegetables, tomatoes, legumes, whole grains, or Western, characterized by high intakes of red and processed meat, butter, high-fat dairy, refined grains, pizza, snacks, highenergy drinks, mayonnaise, sweets. Multiple linear regression was used to assess association between type of diet and sperm quality measures (including DFI).
Case-control studies on men from fertility centers
In the Avicenna Infertility Clinic in Teheran (Iran), a casecontrol study included 72 asthenozoospermic men and 169 Rochester Young Men's Study, n = 189, range 18-22 normozoospermic men, all from infertile couples who underwent face-to-face private interviews (Eslamian et al., 2012 (Eslamian et al., , 2016 . Semen was assessed by volume, sperm concentration, motility, and morphology, and usual dietary intakes were assessed using a validated 168-item semiquantitative FFQ. Results were published as odds ratios (OR) of asthenozoospermia by tertiles of food group consumption (Eslamian et al., 2012) and micronutrients intake (Eslamian et al., 2016) .
Thirty cases of men with poor semen quality (severe or moderate oligozoospermia and/or severe teratozoospermia) and 31 controls (men with good semen quality) were enrolled in the same Fertility Clinics in Murcia Region (Spain) (Mendiola et al., 2009 (Mendiola et al., , 2010 . Using a validated questionnaire, men were asked about the average frequency of consumption of 96 food items during the previous year (range: no consumption to repeated daily consumption), and means of intake frequencies for the different food items in cases and controls were compared. Associations of food groups (Mendiola et al., 2009 ) and micronutrients intake (Mendiola et al., 2010 ) with semen quality were evaluated.
Quality of selected studies
All retrieved studies scored at least 7 of 9 ( Table 2 , details in Supplemental Materials) that can be considered a good quality score. However, most studies scored 8 of 9 and two (Jensen et al., 2013; Jurewicz et al., 2016) 9 of 9.
No study may be considered truly representative of the general population, but only of the specified target population (healthy men, young healthy men, men from Fertility Clinics). The only potential source of selection seemed the man's will of participating in the study. Indeed, no study reported the comparison between responders and non-responders, with the only exception of Jensen et al. (2013) that also provided participation rate.
As regards main confounders, all studies included them in the analyses: the most used were age, abstinence time, BMI, lifestyle factors such as smoking and alcohol drinking, and total calories intake.
The lower quality score was found in two case-control studies: Eslamian et al. (2012 Eslamian et al. ( , 2016 , because the assessment of diet habits was performed after case-control status was evaluated; and Mendiola et al. (2009 Mendiola et al. ( , 2010 , because of the unclear definition of cases: although they were indicated as oligoasthenoteratospermia, only criteria for oligozoospermia and teratozoospermia were defined.
The main results of these studies are presented in Table 3 .
VEGETABLES AND FRUIT INTAKE
In young healthy men (Gaskins et al., 2012) , fruits and vegetables showed no effect on sperm parameters, although a slight beneficial effect was shown for cantaloupe on sperm motility. Consistently, in men from Fertility Clinics, motility was positively related to fruit intake (Braga et al., 2012) and vegetable intake, in particular, dark green vegetables (Eslamian et al., 2012) .
A cross-sectional study (Braga et al., 2012 ) also found a beneficial effect of legumes on sperm morphology. A similar result also emerged in a case-control study (Mendiola et al., 2009) , where the intake of raw vegetables (lettuce and tomatoes, either considered separately or together) and fruit was significantly more frequent among controls than cases.
The paper by Chiu et al. (2015) evaluated the effect of fruit and vegetable intake, in relation to their pesticide residue, on semen quality among men from a Fertility Clinic. High intake of high pesticide residue fruits and vegetables was associated with fewer morphologically normal spermatozoa, and lower concentration and total motility count. However, consistently with the studies by Braga et al. (2012) and Mendiola et al. (2009) , lowto-moderate pesticide residue fruit and vegetable intake was associated with a higher percentage of morphologically normal spermatozoa, indicating that pesticide residue, rather than fruits and vegetables, was responsible for the detrimental effect on sperm quality.
Thus, in general, fruit and vegetable intake showed a consistently positive association with better motility and morphology in men from Fertility Clinics.
MEAT
Processed red meat was negatively associated with sperm parameters: total sperm count in young healthy men studied by Afeiche et al. (2014b) ; sperm morphology in men enrolled in the EARTH Study (Afeiche et al., 2014c) and in the cases of asthenozoospermia observed by Eslamian et al. (2012) , who focused on meat with high saturated fat content. Cases enrolled by Mendiola et al. (2009 Mendiola et al. ( , 2010 had higher intake of processed red meat, but as they were both oligo-and teratozoospermic, no clear suggestion is given on which parameter was affected.
Organ meat (liver from beef, calf, pork, chicken, and turkey) consumers were reported as having more morphologically normal spermatozoa, if from infertile couples (Afeiche et al., 2014c) , or better total sperm count, concentration, and motility, if young healthy men (Afeiche et al., 2014b) .
Chicken meat did not relate to any sperm parameter in young men (Gaskins et al., 2012; Afeiche et al., 2014b) and in men from infertile couples (Afeiche et al., 2014c) , even if it was part of a Prudent pattern diet (Gaskins et al., 2012) ; the same finding was reported in a case-control study (Mendiola et al., 2009) .
No significant relation was observed by Braga et al. (2012) and Vujkovic et al. (2009) , but they did not discriminate among different type of meats.
Thus, an association between meat intake and lower sperm quality was observed in several studies, but results were not entirely consistent. Additional data are needed to ascertain whether sperm parameters may be influenced by meat intake: even if processed red meat consumption is frequently related to lower sperm quality; the evidence about the affected parameters is inconsistent.
FISH
The only study that examined fish intake in young healthy men (Afeiche et al., 2014b) did not find any relation between level of intake and semen parameters. The same sample was also considered by Gaskins et al. (2012) that found that fish consumption contributed to identify a Prudent pattern related to better sperm motility, but confirmed that, as an individual food, fish intake did not show a beneficial effect. Conversely, in men from a Fertility Clinic, fish and other seafood were positively associated with better motility (Vujkovic et al., 2009) .
A case-control study (Eslamian et al., 2012) dose-dependent relation between fish intake and morphologically normal spermatozoa. In the latter, similar results were found when considering dark and white meat fish separately. No association was observed by Braga et al. (2012) and Mendiola et al. (2009) . Although fish intake seemed related to a beneficial effect on semen quality in men from Fertility Clinics, the evidence about the affected parameters is inconsistent and further data are needed to draw reliable conclusions about the impact of fish intake.
DAIRY PRODUCT INTAKE
In physically active young men, total dairy food intake was inversely related to normal sperm morphology . However, full-fat dairy foods had a stronger influence than low-fat dairy food and were also associated with lower percent progressively motile spermatozoa.
Consistent results emerged in men from Fertility Clinics (Afeiche et al., 2014a): cheese consumption was negatively associated with sperm concentration, count, and progressive motility. However, low-fat dairy intake was positively related to sperm concentration and progressive motility. In the same line, Eslamian et al. (2012) showed that intake of skim milk was associated with a lower risk of asthenozoospermia. This suggested that the deleterious effect of dairy intake might be related to the high-fat products. No significant results were reported in other studies (Braga et al., 2012; Vujkovic et al., 2009) .
Dairy product effect on sperm quality seemed consistently related to their content in fats: full-fat product intake was detrimental and low-fat product consumption beneficial on different sperm parameters.
DIETARY FAT INTAKE
In healthy men, trans-fatty acid intake was inversely related to total sperm count and cholesterol intake to ejaculate volume . Jensen et al. (2013) also found a lower sperm concentration and total sperm count in men with a high intake of saturated fat, with a significant doseresponse association. Consistent findings were also observed in men from Fertility Clinics: higher total fat intake was negatively related to total sperm count and concentration (Attaman et al., 2012) and to poor semen quality (Mendiola et al., 2010) .
The detrimental effect of fat (total or saturated) on sperm count and sperm concentration is consistently identified in all selected studies. FIBERS, WHOLE, AND REFINED CEREALS Vujkovic et al. (2009) analyzed separately refined and whole grains, but none was significantly related to sperm quality. Eslamian et al. (2012) observed a trend toward higher risk of being asthenozoospermic and intake of both refined and whole cereals but without significant association. In the study by Mendiola et al. (2009) , whole grain consumption was part of the Prudent pattern, whereas refined grain intake was included in the Western pattern. Notwithstanding the positive association between sperm motility and the Prudent pattern, whole grains as a single food group did not result significantly related to sperm quality.
Lastly, although they did not distinguish between whole and refined cereals, Braga et al. (2012) found that cereal intake was positively related to sperm concentration and motility.
Four studies reported information on these foods, with inconsistent results: no reliable conclusion may currently be drawn on this issue.
DIETARY PATTERN
Five papers investigated different dietary patterns: three reported information on young healthy men (Gaskins et al., 2012; Cutillas-Tol ın et al., 2015; Liu et al., 2015) and two on men from Fertility Clinics (Vujkovic et al., 2009; Jurewicz et al., 2016) .
In general, healthy diets were defined by high intake of fruit and vegetables. In young healthy men, the Mediterranean pattern (Cutillas-Tol ın et al., 2015) was also characterized by high intakes of seafood and positively associated with total sperm count. The Prudent pattern (Gaskins et al., 2012) was also defined by high intake of fish, chicken, legumes, and whole grains, with a beneficial effect on motility, but no relation to concentration and morphology. Liu et al. (2015) did not observe any associations between healthy diet and semen parameters.
Findings about Western pattern showed some divergent effect. In the paper by Cutillas-Tol ın et al. (2015) , the Western pattern, defined by high intakes of processed meats, French fries, and snacks, also showed a positive relation with the percentage of morphologically normal spermatozoa. On the other hand, in Gaskins et al.'s paper (2012) , despite foods identifying Western pattern were similar, no relation was observed with any sperm parameters among those considered: concentration, motility, and morphology.
On the contrary, Liu et al. (2015) observed that a high intake of Western diet, characterized by milk, cheese, yogurt, meat, seafood, salad, and fried food, resulted in significant declines in sperm concentration and normal morphology. These controversial findings could be due to the different definition of Western diet.
Among men from Fertility centers, health-conscious diet (Vujkovic et al., 2009) , including high fruit and vegetable consumption and high intakes of fish (and other seafood), chicken, legumes, and whole grains, was associated with lower DFI. Although the Traditional Dutch pattern was characterized by high intake of meat, potatoes, whole grain, margarine, mayonnaise, and other fatty sauces and lower intake of fruits, beverages, and sweets, it was positively correlated with sperm concentration: the high intake of potatoes, which is a rich source of folate, could explain this result.
A lower DFI was also observed in men enrolled in Jurewicz et al.'s study (2016) : Moreover, a Prudent pattern was associated with higher sperm concentration, as compared to a Western pattern.
As far as dietary patterns, we observed a consistent indication that diets rich in fruit and vegetables, as well as in fish and whole grains, are beneficial. Seemingly less healthy diets, however, did not show consistent relation with impaired semen parameters.
SWEET FOODS AND SOFT DRINKS
Sperm motility was inversely related to sugar-sweetened beverages (SSB) intake . This association was stronger among lean men but absent among overweight or obese men. Motility was also affected by sweet intake in the casecontrol study by Eslamian et al. (2012) , including men from Fertility Clinics. Non-alcoholic drinks consumption was significantly related to a lower concentration in men from Fertility Clinics (Vujkovic et al., 2009 ), but it was not clear whether this category included only SSB or other kinds of drinks (cola, energy drinks).
In the study by Liu et al. (2015) , high sweet snacks and sugarsweetened drinks diet was linked to a lower sperm concentration, although no dose-dependent relation was observed.
Finally, a result inconsistent with those of other researchers was provided by Mendiola et al. (2009) , who briefly reported that the frequency of sweet consumption was significantly higher in controls than in oligoasthenoteratospermic patients.
However, most results suggested a negative association between sugar and semen quality.
SOY AND PHYTOESTROGENS
This association was investigated in the study by Chavarro et al. (2008) in men attending a Fertility Clinic. There was an inverse association between soy food intake and sperm concentration; results for individual soy isoflavones were similar, but none of them reached statistical significance. Soy food and soy isoflavones intake were unrelated to sperm motility, sperm morphology, or ejaculate volume.
MICRONUTRIENTS
Some studies have specifically addressed the role of selected micronutrients contained in vegetables and fruits on semen parameters, in men unselected for fertility (Eskenazi et al., 2005; Zareba et al., 2013; M ınguez-Alarc on et al., 2015) and in men from Fertility Clinics (Mendiola et al., 2010; Eslamian et al., 2016) . Most analyzed the whole quantity of micronutrients both from diet and supplements, whereas Zareba et al. (2013) distinguished the amount deriving from food only. The most frequently investigated micronutrients have been Vitamin C and b-carotenoids that consistently showed beneficial effects in most studies, although on different parameters. A positive role of lycopene was also observed in three studies (Mendiola et al., 2010; Minguez-Alarc on et al., 2012; Zareba et al., 2013) . Other findings were sporadic and inconsistent (Table 4) .
DISCUSSION
In this review, various semen parameters seemed positively associated with diets including fish, fruits, and vegetables, possibly as sources of antioxidants and polyunsaturated fats (PUFA) (among which omega-3) and negatively associated with diets including meats (processed meat in particular) and full-fat dairy products that are sources of saturated fats.
Fruit and vegetable intake are associated with better sperm characteristics through their contents in antioxidants and folates. A low folate concentration in seminal plasma is associated with sperm DNA damage, as folate is involved in DNA synthesis and in DNA and protein methylation processes. Folate shortage increases DNA fragility due to the misincorporation of uracil instead of thymine. During normal repair processes, when the removal of the misincorporated uracil fails, double-strand breaks resulting in chromosome instability may occur. Folate shortage also decreases the supply of methyl groups, which are important substances for the protection of DNA against harmful exposures (Boxmeer et al., 2009) .
Reactive oxygen species (ROS) have the potential to negatively affect sperm motility and the capacity for sperm-oocyte fusion.
Indeed, a target of direct ROS action is the PUFAs in the plasma membrane leading to lipid peroxidation and direct loss of motility. In addition, ROS can also directly damage the gamete DNA. On the other hand, indirect action via end products of lipid peroxidation leads to the formation of carbonyl-containing compounds which are genotoxic and cancerogenic. Alternatively, ROS have the ability to damage mitochondrial DNA that inevitably results in a decreased mitochondrial membrane potential. Defective mitochondrial function is essential for sperm motility and has been suggested as a sensitive sperm parameter (Opuwari & Henkel, 2016) . Antioxidants such as vitamin C, b-carotene and vitamin E, and b-carotenoids and vitamin A promote the reduction in oxidative damage and lipid peroxidation potential (Fraga et al., 1991; Mostafa et al., 2009; Agarwal & Sekhon, 2010) .
As regards to fat-containing foods, it is likely that their detrimental effect is linked to their content in trans-saturated fats causing an interference with the incorporation of long-chain PUFAs into sperm membranes during epididymal maturation, and having a negative impact on testicular function, with reduction in total and free testosterone (Minguez-Alarc on et al., 2017). These mechanisms could be at least partially due to the negative effect of high meat intake and full-fat dairy consumption. Moreover, the presence of natural and synthetic estrogens may also contribute to the association between high meat intake and worse sperm parameters (Afeiche et al., 2014b,c) . Processed red meats, which have been reported to have higher concentrations of hormone residues compared with other meats (Henricks et al., 2001) , are particularly associated with inadequate sperm quality.
On the contrary, omega-3 PUFAs in fish may explain the positive relationship observed in association with high fish intake as they are precursors of eicosanoids, which contribute to sperm structure (Aksoy et al., 2006) and have a positive impact on testicular function (Minguez-Alarc on et al., 2017).
The beneficial effect of low-fat dairy products may also be mediated by increased levels of insulin and IGF-1 (Afeiche et al., , 2014a . Insulin can potentially rescue spermatogenesis in diabetic mice (Schoeller et al., 2012) and increases sperm motility and concentration in rats (Jaiswal et al., 2012) , while IGF-1 protects equine Leydig cells from undergoing apoptosis in vitro (Yoon & Roser, 2010) . In a diet including both high-and low-fat dairy products, the contrasting effects may balance, resulting in no association.
The main effects of specific foods on semen quality and potential mechanisms are summarized in Table 5 .
In reviewing the available literature, we found some inconsistencies possibly due to the different effects of specific nutrients in fertile and infertile men.
For instance, Benedetti et al. (2012) found that total antioxidant capacity and vitamin E were significantly lower in seminal plasma of infertile than fertile men; in this frame, the effect of antioxidant intake may be more marked in men with lower total antioxidant capacity.
In regard to fatty acids, the lipid composition of the sperm membrane has a significant effect upon the functional characteristics of spermatozoa (Esmaeili et al., 2015) . Higher trans-fatty acid levels in spermatozoa are associated with lower sperm concentration , and higher omega-6:omega-3 ratios are observed in spermatozoa of infertile than fertile men (Aksoy et al., 2006) . Thus, the same intake may act differently in infertile than fertile men, compensating for a lack of omega-3 PUFA needed during spermatogenesis.
This study has several limitations. Food Frequency Questionnaires are characterized by some weakness. In particular, they represent an average of intakes collected in different seasons and periods with limited information on size of portions and modalities of cooking. Further, a main methodological problem in diet epidemiology is the evaluation of the effect of specific dietary components with calories held constant (e.g., more red meat intake means that something else in the diet has to be decreased, such as fruits or vegetables), or if calories are not held constant, it has to be established how and to what extent this may impact (e.g., more red meat means no decrease in something else but rather an additional/greater food source). All these aspects have not been consistently analyzed in published papers. This methodological limitation does not provide the opportunity to identify clearly a direct effect of diet on semen quality.
Another limitation was that no study may be considered truly representative of the general population, but only of the specified target population. Even the sample studies by Jensen et al. (2013) represented, among all young Danish men fitted for military service (excluding those suffering from severe chronic diseases), those who accepted to participate. Thus, results may only be extended to similar samples and not to the general population.
Another issue might be related to the variability of the semen analysis in the various laboratories. While semen quality constitutes a health benchmark and an important test for the evaluation of male infertile condition, well-defined criteria of what represents a suitable model for the research process in studies of semen quality have only recently been developed (S anchez-Pozo et al., 2013) . Therefore, as there have been no specific standards for the appraisal of studies concerning semen quality until recently, biased results deriving from the older studies, in which quality controls were completely lacking, may have led to erroneous conclusions -potentially contributing to the heterogeneity of the observed results. A stringent use of semen analysis criteria has been strongly advocated for future studies to overcome inconsistencies (Bj€ orndahl et al., 2016) .
Despite these limitations and some conflicting results, we can conclude that, on the whole, a diet including fruit and vegetables, and fish or low-fat dairy products as the main source of proteins, is associated with a better semen quality. Men on this kind of diet are also more likely to have a healthier lifestyle, lower BMI, and higher physical activity. Because of the many beneficial effects of an healthy diet, recommendations may be confidently provided, although more studies are needed to show the causation of the reported associations and their effects on male reproduction.
